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A new scrinc proteinasc inhibitor, mustard trypsin inhibitor 2 (MIT-?). has been isolated from white mustard (Sbiiipi;; oibr! I .,! seed by at’finity 
chromatography und reverse phase HPLC. The protein inhibits the catalytic activity of bovine ,&trypsin and bovine a.-chymotrypsin. with 
dissociution constants (A’,,) of I,6 x IO-“’ M ttnd 5.0 x IO-’ M, rcspectivcly. ut pH 8.0 and 21°C the stoichiometry or both protcinusc-inhibitor 
cotnplexcs being I:l. The amino acid sequence of MTI-2. which was determined Tollowing S-pyridylcthylotion. is comprised ol’ 63 residues. 

corresponding to a nlolecular weight of about 7 kDa. and shows only extremely limited homology to other scrine proteimtse inhibitors. 

Scrine protcinasc inhibitor; Amino acid scquencc: Scrinc proteinasc inhibition; White musiard seed 

I. INTRODUCTION 

Numerous peptides and proteins with the ability to 
inhibit the activity of serine proteinases are found 
throughout the living world [I]. A classification contain- 
ing at least IO different families of these molecules has 
been proposed on the basis of amino acid sequence 
homology, reactive site assignment and inhibitory 
mechanism [2]. In the plant kingdom, these inhibitors 
are found particularly in Graminaceae and Legumino- 
sae seeds and in Solanaceac tubers and, in general, fall 
in the soybean Kunitz, Bowman-Birk and potato inhib- 
itor families. Their prevailing role seems to be the con- 
trol of endogenous proteinases during seed dormancy 
and protection against the proteolytic enzymes of many 
parasites and insects [3]. During previous work on the 
isolation of the high molecular weight serine proteinase 
inhibitor from white mustard seed 141, MTI-1, a smaller 
inhibitory protein with a molecular weight of about 7 
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kDa was detected, and the present paper describes the 
purification, primary structure and inhibitory proper- 
ties of the latter molecule, which has been named mus- 
tard trypsin inhibitor 2 (MT]-2). As far as is known, this 
is the first inhibitor purified from a plant belonging to 
the Cruciferae to have had its sequence determined, and 
the results show it is markedly different to those of other 
trypsin inhibitors, preventing the assignment of the pro- 
tein to any of the families within the current inhibitor 
classification. 

2. EXPERIMENTAL 

The seeds of a commcrciul variety or white mustard (Situtpls rriht 
L.) cv. Albatros, were purchased from the SIS Foraggera (Bologna. 
Ituly). Scqucncer rcagcnts were obtuincd from Applied Biosystcms 
(Foster City, CA, USA) and HPLC solvents from Merck AG (Darm- 
stadt, Grrmuny). Endoprotcinuses Lys-C and TPCK-trypsin wcrc 
supplied by Bochringcr AG (Mannhcim, Germany), and bovine 
P-trypsin [5] (TRL, 3x crystallized. salt frcu) and bovine a-chymo- 
trypsin Tar kinetic studies by the Worthington Chemical Co. (Frre- 
hold, NJ, USA). BAPNA. ZTyrONp and 4-vinylpyridinc were l’rom 
Sigma Chcmicul Co. (St. Louis, MO, USA) and all other reagents l’rom 
Aldrich Chimicn S.r.1, (Milan, Italy). All chemicals were reagent 
grade 

Mustard seed was homogrnizcd in distilled water with a Ultra 
Turrax model T45 homogcnizcr (IKA-Werke. Staul’fen, Germany). 
ccnlrikgcd and then trratrd tis previously reported 141. The crude 
e%lritcl was hcutcd at 80°C for 3 min, ccnirirugcd and the supernatant 
was concentrdlcd by ultratiltration on an Amicon YM-2 membrane 
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and then loaded onto a trypsin-Scpharosc 4B column (5 x 25 cm) 
which had been cquilibtated in 0. I M lricthunolaminc, 0. I M N&I. 
0.01 M CaCI,, pH 7.8. Absorbed material was elutcd with 0.3 M KCI. 
pH 1.8. und fructions showing high trypsin inhibitory activity wcrc 
pooled, conccntratcd by ultraliltration on an Amicon I’M-2 mcm- 
branc, and subjected to gel tiltr;ition on Scphadcx GSOSF ( I x 90 cm). 
using 0.05 M ammonium acctatc buffer, pH 5,4, as cluent. Active 
fractions wcrc pooled and further purified by RP-HPLC on a Vydac 
C-IS column (25 x 0.46 cm) using a linear grudicnt from 5 to 60% 
acctonitrilc in 0.0s M KH#O,. pH 6.0, at a Row rate of I cm’.min-’ 
at room tcmpcraturc. The clucnt was monitored by lbllowing UV- 
;tbsorbance at 280 nm. HPLC scparntions wcrc carried OUI with a 
Bruker model LC 41CD instrument cquippcd with a Chrom-A-Scope 
rapid scan detector (Bur Spcc. Rchovot, Israel). 

Molecular weights were detcrmincd by SDS-PAGE clcctrophorcsis 
[6]. and by ycl filtration on Sephadex 550SF. 

Values of the dissociution constants (K,) for the binding of MTI-:! 
to B-trypsin and a-chymotrypsin wen: &:tcrmincd from the results 01 
activity mcasuremcntJ being BAPNA and ZTyrONp as substrates [S] 
in pH 8.0 and 21°C. 

1.4. I, S-pyridylcthylution 
MTI-2 (0.4 mg) was rcdurcd with ditbiothrcitol (I5 mM) in 400@ 

ol’O.?S M Tris-HCI. pH 8.5. for 4 h at 50°C and subsequently S- 
pyridylcthyktted with &vinylpyridinc (0.3 mM) l’or 4 h II room tcm- 
pcrulurcI both slcps bciny pcrrormcd under nitrogen acd in IIK dark 
[7]. The protein was prccipilatcd by the addition of 10% trichloroacctic 
acid. on ice. tind the prccipilalc washed with ;I mixture orcold acclone 
and I M HCI (39:I ). 

2.4.2. Enzymatic clcavagc 
Tryptic clsavage was pcrl’ormcd in 100 ~1 of 0.1 M N-cthylmor- 

pholinc ucctutc, pH 8.0. 37”C, I-or 3 h with an cnzymc/substrute ratio 
ol’ I:25 (w/w). The digestion of S-pyridylcthylatcd MTI-2 with undo- 

protcinasc Lys-C wus carried out in 0. I M Tris-HCI. I mM EDTA, 
pH X,5, containing 10% (v/v) acctonitrilc nnd I M urea in order to 
solubilizc the mutcrial completely, at 37°C. ror 20 h and with an 
cnzymclsubstratc ralio ol’ I :70, Enzyme digestions were stopped by the 
addition ol’ TFA and the products scparatcd by I-IPLC on an 
Aquaporc RP-300 CS column (25 x 0,46 cm). The solvcn~ sysicm used 
was: (A) 0.1% (v/v) TFA in water: (B) 0.075% (v/v) TFA in acctonitrilc 
and pcptidcs wcrc elutcd with a linear yradicnt I’rom 0 to 50% Bin A, 
in 70 min. al a How rdtc 01‘0.7 cmQnin- I, UV- absorbance ofthe elucnt 
being monitored at 220 nm. Peptide-containing l’rlrctions Wcrc con- 
ccntruted under nitrogen und wcrc used lbr amino acid composition 
tu:d sequence anulyscs without further purification. 

2.4.3. Amino ucid analysis 
Amino ucid analysis was pr-rlbrmcd by the post-column o-phthalul- 

dchydc dcrivatizution procedure using a Jasco amino ucid unalyzcr 
(Jasco. Tokyo, Japan) and rollowing the method or Fujiara ct ul. [8]. 
Gas-phase hydrolysis was carried out in 6 M HCI. 1% (v/v) pbcnol, 
at I 10°C for 24 b. Cystcinc was cstimatcd as cystcic acid f’ollowlng 
either (a) hydrolysis in the prcsencc of dimcthyl sullbxidc [9] of(b) 
oxidation or the protein with pcrl’ormic acid [IO]. Tryptophan content 
wus determined by second derivative spectroscopy or the protein in 6 
M puanidine-HCI [I 11, 

2.4.4, Amino acid scqucncc dctcrmination 
Automated sequcncc analysis was perrormed on a pulsed-liquid 

scquenccr mod. 477 (Applied Biosystems. Foster Cily. CA, USA) 
rquippcd with a IZOA Applied Diosystcms PTI-i-analyzer. Vapour 
phase modification ol’sulphydryl groups with 4-vinylpyridine for tbc 
N-terminal microscyucnce analysis or the entire protein was per- 
formed according to Amons [I?]. 

log[MTl-P] 

Fig. I, The amount of MTI-?. bound 10 /3-trypsin (0) and a-chymo- 
trypsin (01 as a function of fret inhibitor concentration (log[MTt-21). 
Solid lines were gcnurated by the equation: 

using A’,, = 1.6 x IO“” M and & = 5.0 x IO-’ M for ,$trypsin:MTl-‘, 
and a-chymottypsin:MTl-2 complex f’ormation. rcspcctively. and 
whcrc a is the liaction or protcinesc moleculs with bound inhibitor. 
Values of Kd wcrc obtained with an itcrativc non-linear least-squares 
curve-fitting proccdurc. A standard deviation of 28% was calculated 
t-or the & values rrom tbc fitting procedure. Data wcrc obtained ai 

pi-l 8.0 (Tris-HCI, 0,I M) and 21X For further &ails. xc text. 

2.4.5. Computer scqucncc iIlli~lysis 

Homologies with lhc cnlries in the Swiss-Prot Database were 
scarchcd Ibr by the PC-GENE program [ 131. 

Rptidcs were numbcrLul according to their position in the MTf-2 
scquuncc. the N-terminal rusiduc of the molcculc being assigned the 
number I. Tryptic pcptidcs arc indicated by the prefix T-. cndo- 
protcinusc Lys-C peptides by the prefix L- and N-lermindl sequence 
by the prefix N-. 

3. RESULTS 

3.1. Put+jkurion uttd inhibirory properhs 
Crude mustard seed extract possesses both anti- tryp- 

sin and anti-chymotrypsin activities and, as has been 
reported previously [4], a trypsin inhibitor, MTI-I, 
which strongly inhibits bovine /?-trypsin but exhibits no 
activity towards bovine a-chymotrypsin. can bc isolated 
from the extract using a combination of affinity and 
ion-exchange chromatographies. MTI-! is rapidly and 
irreversibly deactivated on heating to 80°C. However, 
when the whole soluble mustard seed protein extract is 
subjected to such treatment, anti-serine proteinase ac- 
tivity persists, indicating that there must be at least two 
inhibitors present in the extract. Taking advantage of 
the thermal lability of MTI-I by incorporating a heating 
step into the purification procedure has facilitated the 
isolation of a second inhibitor, MTI-2, which has now 
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been purified in high yield. The protein has ;I molecular 
weight of 7.0+0.5 kDa, his judged by SDS-PAGE and 
gel filtration chromatography, and inhibits the activities 
of both 8.trypsin and a-chymotrypsin. Fig. I shows the 
isotherms for MT12 binding to/I-trypsin and a-chymo- 
trypsin, using BAPNA and ZTyrONp as substrates, 
respectively. The dissociation constant for the 
@-trypsin:MTI-2 complex was found to be 1.6 x lo-“’ M 
while that for the a-chymotrypsin:MTl-2 complex was 
5.0 x lo-’ M (pH 8.0, 21°C) and the stoichiometry fol 
complex formation was I:1 in both cases. Values ol’ & 
were independent of the enzyme and substrate concen- 
trations, as expected for simple systems, the Hill coeffi- 
cient being 1.00&0.02. 

Table 1 gives the amino acid composition of MTI-2. 
No methionine or histidine dre present and there is only 
one tryptophan residue, compositional features typical 
of plant serine proteinase inhibitors. The protein, fol- 
lowing modification of thiol groups by pyridylethyla- 
tion, was subjected to N-terminal sequence analysis and 
39 Edman cycles were identified unambiguously. as is 
shown in Fig. 2. The sample appeared to be homogene- 
ous, as indicated by the presence of a single amino acid 
residue at each degradation cycle, 

Reduced and S-pyridylethylated MT12 was digested 
with TPCK-trypsin and the resultant peptides were se- 
parated by HPLC (Fig. 3). Eleven major peptides were 
isolated in a pure form and were sequenced (Fig.2). 

Table I 

Amino acid composition of MTI-2 

Amino acid Mot, rcsidue/mol. 
protein 

SCqUCllCC dilli 

ASX 7.x (8) 8 
Thr 2.9 (3) 3 
Ser !.I (2) 2 
Glx 4.8 (5) 5 
Pro 4.0 (4) 4 
Gly 7.8 (8) 8 
Ala 2.4 (1) 2 
CYS’ 7.0 (7) 8 
Val I.6 (2) 2 
Met 0.0 (0) 0 
IlC 2.1 (2) 3 
Lcu 3.0 (2) 2 

Tyr 3.0 (3) 3 
Phc 3.7 (4) 4 
LYS 3.8 (4) 4 
His 0.0 (0) 0 

Arg 4.0 (4) 4 
Trph I.0 (I) I 

Values arc given as residues per molcculc with the ncdrcst wholc 
number in parentheses. Valuus derived from the scqucncc dctcrmina. 
tion urc given in the second column, 
“Determined as cystcic ucid 
hDctermincd by second dcrivativc spectroscopy 

12 

Asp Ser Qlu Cy6 Leu Lye Qlu Tyr Qly & Asp Val Qly Phe Pro Phe 
-N , ............. T 

1 
......... . , .......................... q ................ 

),..,.....L, ........... . , .......................... L* ............... 

Cys Ala Pm $ Ile Phe Pro Thr lie Cye Tyr Thr Arg C\i Arg Qlu 
N . . . . . . . . . . . . . . . . . . . _ , 1 . . .._I . . . . . . ..I.. T3. L...... I . ..c. -.., I.--T 

4”” L-.-- 
......................................... L2 .................................. 

Am LyS Qly Ala Lys Qly Qly 24 Cy6 118 Trp Qly Glu Gly Thr Asn 
(............ 70 ........... 

....... 
h 

[...,Q . ..1 k.. ................. p.1.. ......... 
...... ............. 1 1.. ............................... La.. ............ 
. . . . . ..~ 

Val L;i Cys Leu Cye Asptyr Cys Asn Asp Ser F% Phe AspGln 
. I. L . . , ,........-....._..... ~~...._......__....__....___I 
. . . . . . , I_ --...........m * . ..w._ f” 

4 
-...._...._.._...~..-.............., 

..I.... I 
r . . . . . . . . . . . . . . . . . . . . . si_” ._....__...-_--...-..._..., 

p . . . . . . . . . . . . . . . . . . . . . ..I . . . . . . . L4 . . . ..a . . . . . . . 1 

Fig. 2. The primary structure of MTI-2. The prclixcs T. L or N 
indicntc s~qu~~~o~s th;~t were dcrivcd liom tryptic or Lys-C cle;~vagc 
or I’rom N-tcrminul scquc’ncing. rcspcctlvcly. Automated Edmn dcg- 
radation W;IS pcrformcd on 300-500 pmol uliquots crcxh pcptidc and 
011 about I nmol ol’tho cntirc protein. III all GISCS the mcr;~gc rcpctitivc 

yield was 94%. 

Pcptidc T9 was tentatively assigned to the C-terminus 
since it contained neither lysine nor arginine. All tryptic 
peptides analyzed originated from cleavage at expected 
sites with the exception of T8 which was produced by 
the abnormal hydrolysis of the IleJ’-TrpJ” peptidc 
bond. Reduced and S-pyridylcthylated MTI-2 was also 
digested with endoproteinasc Lys-C in order to produce 
sequence overlaps with the peptides derived from tryp- 
tic digestion. Four major peptidcs were isolated and 
sequenced (Figs. 2 and 4). Pcptidc L4 was assigned to 
the C-terminus as it lacked a terminal lysine residue. 

Fig. 2 shows the complete sequence of MTI-2. The 
calcull;ted molecular weight of 7.036 kDa is in excellent 

time lmlnl 

Fig. 3. Rcvcrsc phase HPLC purilicntlon 0)’ the tryptic peptides. Pcp- 
tides wcrc scpuratcd on an Aqtiaporc RP-3UO C, column with u linear 
pradicnt rrom O-SOW B in 70 min. The solvents used wcrc: (A) 0.1% 
TFR i!? wutcr and (B) 0.075% TFA in xctonitrilc. The cll?ucn~ WBL 

monitored at 220 nm. 
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51 

RBTBBI K L I CEDIYWGADPG PFCTPRPWQDCCD 

MTI-2 DBECLKEY GGDVQFPFCAPRI FPtl CY 

1 27 

(b) 

Erabutoxln 3 17 24 

MTI-2 4 17 26 30 41 31 53 56 

Fig. 4. (a) Scqucncc homology bctwuun I~C primary scqucnccs of MT12 msiducs I -27) and rice bran trypsin inhibitor (RBTBUI)(rcsiducs Sl-77), 
Idcnticnl residues OTC shown by continuous linen. (b) The position ol’cystcinc rcsiducs in MTI-2 and crabutoxin. Disulphidc bond positions in 

cnrbutonin arc also shown. 

agreement with the molecular weight determined by gel 
filtration and SDS-PAGE (7.O-tO.S kDa) 

In some cases different batches of the inhibitor ex- 
hibited sequence microhetcrogeneity. Species lacking 
the N-terminal residue, Asp’ and variants terminating 
at Phe”‘. Asph’ as well as Gin”’ have been detected.The 
microheterogeneity probably arises as a result of pro- 
teolysis during either seed dormancy or the purification 
procedure. 

4. DISCUSSION 

MTI-2 is the second serine proteinase inhibitor to 
have been isolated from white mustrrd seed but is the 
first to have had its amino acid sequence determined. 
MTI-2 differs considerably from MTI-I and the possi- 
bility that it arises from the cleavage of MTI-1 can be 
ruled out because (i) there are 8 cysteine residues in 
MTI-2 but only 4 in MTI-I [4]. (ii) MTI-2 is thermally 
stable whereas MTI-1 is not, and (iii) MTI-2 strongly 
inhibits both P-trypsin and achymotrypsin, while MTI- 
1 shows no activity towards a-chymotrypsin [4]. The K,, 
values obtained for the serine proteinase:MTI-2 com- 
plexes indicate that they are remarkably stable and that 
the inhibitor possesses a higher affinity for p-trypsin 
than MTI-1. 

The complete amino acid sequence of MTI-2 has been 
determined (Fig.2) and consists of 63 residues. The se- 
quence data are in good agreement with the amino acid 

composition reported in Table I. The only differcncc 
appears to be in the Cys content, This last value is, 
however. within the recovery limits of the gas-phase 
hydrolysis method used [14]. The absence of free thiol 
groups determined by the p-chloromercuribcnzoate 
procedure [ 151 strongly supports the presence of 4 di- 
sulphide bridges in the molecule. 

The amino acid sequence of the protein is considcra- 
bly differem to those of other trypsin inhibitors and. as 
it cannot be included within the current classilication of 
these proteins, it may belong to an entirely new inhibi- 
tor family. Only one region of the sequence was found 
to have any homology with another inhibitor: reniducs 
8-21 showed some similarity to a portion of the second 
domain of RBTBBI [16] (Fig. 4a), a region that does 
not, however. include tile reactive site of the protein. but 
only the connecting peptide between domains II and 111. 
No direct experimental cvidcnce is yet available con- 
cerning the reactive site of MTI-2 although studies 
aimed at its identiIication are in progress. 

The presence of 8 cystcine residues on the sequcncc 
suggested possible similarities between MTI-2 and pro- 
teins whose structure is organized around a four- disul- 
fi*!c core. This folding pattern is thought to stabilize 
proteins or domains too small to have a significant 
hydrophobic core, like snake venom ncurotoxins, car- 
diotoxins, cytotoxins, hevcin, wheat germ aggiutinin 
and ragweed pollen allergen as well as anti-lcukoprotci- 
nases and basic proteinasc inhibitors. According to 

I3 
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Drenth et al. [ 171, many of these molecules are classified 
as belonging to this group on the basis of the cysteine 
alignment alone, although, in some cases, no sequence 
homology or functional similarities have been found. As 
shown in Fig. 4b, the positions of the cysteine residues 
in MTI-2 are similar to those found in erabutoxin al- 
though considerably more structural data will be re- 
quired in order to confirm whether an agglutinin/ neu- 
rotoxin-like fold is indeed present in MTI-2. 
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